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he 
 
Myosin heavy chain
 
 (
 
Mhc
 
) locus encodes the
muscle-speciﬁc motor mediating contraction in 
 
Dro-
sophila
 
. In a screen for temperature-sensitive behav-
ioral mutants, we have identiﬁed two dominant 
 
Mhc
 
 al-
leles that lead to a hypercontraction-induced myopathy.
These mutants are caused by single point mutations in
the ATP binding/hydrolysis domain of Mhc and lead to
degeneration of the ﬂight muscles. Electrophysiological
analysis in the adult giant ﬁber ﬂight circuit demonstrates
temperature-dependent seizure activity that requires neuronal
input, as genetic blockage of neuronal activity suppresses
T
 
the electrophysiological seizure defects. Intracellular record-
ings at the third instar neuromuscular junction show
spontaneous muscle movements in the absence of neuronal
stimulation and extracellular Ca
 
2
 
 
 
, suggesting a dysregulation
of intracellular calcium homeostasis within the muscle
or an alteration of the Ca
 
2
 
 
 
 dependence of contraction.
Characterization of these new 
 
Mhc
 
 alleles suggests that
hypercontraction occurs via a mechanism, which is mole-
cularly distinct from mutants identiﬁed previously in troponin I
and troponin T.
 
Introduction
 
Muscle contraction is a highly complex and coordinated
process, involving a molecular machine tightly regulated to
provide ATP-dependent motion in response to neuronal
stimulation. Activation of the muscle from the innervating
neuron results in a postsynaptic action potential that stimulates
release of Ca
 
2
 
 
 
 from internal stores. Ca
 
2
 
 
 
 binds to regulatory
proteins on the thin filament of the muscle. This leads to
coordinated conformational changes in a large number of
proteins, allowing myosin to shorten the length of the
sarcomere in an ATP-dependent process. In addition to
proteins required during contraction, numerous secondary
proteins are required for its continued maintenance, structural
support, and force transduction (Huxley, 2000; Lamb, 2000;
Pollard, 2000; Poage and Meriney, 2002; Ruff, 2003).
Characterization of this complex system may lead to molecular
understanding of human diseases such as cardiomyopathies,
which arise from perturbations in several known cardiac
muscle proteins (Seidman and Seidman, 2001).
The genetic tractability of 
 
Drosophila
 
 has made it an ideal
system to characterize mutations affecting neuromuscular
function. Many of these mutants have been identified by
screening for temperature-sensitive (TS) behavioral defects,
allowing the identification of gene products important for
neuromuscular function (Ganetzky and Wu, 1983; Littleton
et al., 1998). Additionally, the 
 
Drosophila
 
 flight system has
provided an efficient genetic model for hypertrophic cardio-
myopathies. Mutated genes leading to flightless behavior in
 
Drosophila
 
 are also disrupted in many forms of primary hyper-
trophic cardiomyopathies, including 
 
Myosin heavy chain
 
(
 
Mhc
 
),
 
 Tropomyosin2
 
 (
 
Tm2
 
),
 
 wings up A 
 
(
 
wupA 
 
[troponin I]),
 
actin88F
 
 (
 
act88F
 
), and 
 
upheld
 
 (troponin T). Mutations in
these genes also show extensive genetic interactions, providing
key insights into the regulatory pathways underlying muscle
function (Ferrus et al., 2000; Vigoreaux, 2001).
Flightless behavior in 
 
Drosophila
 
 can arise from mutations
that lead to muscle hypercontraction. Hypercontraction of
the 
 
Drosophila
 
 indirect flight muscles (IFM) occurs due to
specific mutations of the contractile machinery that lead to
either decreased structural integrity of the sarcomere, or
dysregulation of the contractile process in vivo. These
mutations result in a degeneration of the IFM of adult flies
after muscle differentiation and development (Fekete and
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Szidonya, 1979; Deak et al., 1982; Homyk and Emerson,
1988; Beall and Fyrberg, 1991). Hypercontraction mu-
tants can be genetically suppressed by specific mutant al-
leles of 
 
Mhc.
 
 The mechanism of suppression has been
suggested to be a potential Mhc–Troponin I direct inter-
action (Kronert et al., 1999). However, additional data
suggests that an overall decrease in actomyosin force is suf-
ficient to explain suppression of hypercontraction by mu-
tant Mhc (Nongthomba et al., 2003). The identification
of 
 
Mhc
 
 alleles that directly cause hypercontraction and en-
hance the hypercontraction defects of other mutants may
facilitate defining the role of myosin in the regulation of
contraction.
To further understand the molecular and cellular pro-
cesses underlying neuromuscular function, we performed a
screen for 
 
Drosophila
 
 TS behavioral mutants. One comple-
mentation group isolated in our screens, 
 
Samba
 
, disrupts the
 
Mhc
 
 locus, leading to hypercontraction and muscle degener-
ation. Characterization of the 
 
Samba
 
 mutants has revealed
potential molecular mechanisms that lead to muscle degen-
eration through hypercontraction via distinct mechanisms
from hypercontraction mutants characterized previously. In
addition, these mutants give insight into the role of Mhc in
the regulation of the contractile process in addition to its
role in ATP-dependent motor function.
 
Results
 
Isolation and characterization of the Samba mutants, 
Mhc
 
S1
 
 and Mhc
 
S2
 
The 
 
Samba
 
 (
 
Samba
 
1
 
 and 
 
Samba
 
2
 
) mutants were isolated in
an ethyl methanesulfonate mutagenesis screen for X-linked
and autosomal-dominant TS behavioral mutants. 
 
Samba
 
adults exhibit dominant TS behavioral defects that include a
rapid onset of seizure-like behavior and TS loss of mesotho-
racic leg function. This behavior is readily evident in all flies
by 1 min of exposure to 38
 
 
 
C (Fig. 1 A). 
 
Samba
 
 mutants
also display defects at permissive temperatures. 
 
Samba/
 
 
 
flies are flightless, with thoracic indentations similar to those
found in 
 
ether-ago-go
 
1
 
, 
 
Shaker
 
133
 
 (
 
eag
 
1
 
, 
 
Sh
 
133
 
) mutant flies
(Fig. 1 B). Thoracic indentations in 
 
eag
 
1
 
, 
 
Sh
 
133
 
 flies occur
through hypercontraction of the IFM thought to be induced
by excessive neurotransmitter release in the presynaptic neu-
ron, which is caused by loss of voltage-gated potassium
channels and subsequent reduction in repolarization (Ga-
netzky and Wu, 1983; Wu et al., 1983). Although homozy-
gous 
 
Samba
 
 mutants are lethal, rare 
 
Samba
 
1
 
 escapers with fe-
mur hypercontration defects can be found.
In addition to 
 
Samba
 
, two other complementation
groups, 
 
Swing
 
 (
 
Swg
 
X118
 
)
 
 
 
and 
 
Breakdance
 
 (
 
Brkd
 
J29
 
), were iso-
lated in our screens that exhibited similar dominant TS
Figure 1. Characterization of the Samba 
mutants, Mhc
S1 and Mhc
S2. (A) Tempera-
ture-sensitivity curves of several mutant 
strains that affect muscle function. TS 
behavioral defects are found only in 
hypercontraction mutants. (B) Thoraces 
of CantonS (left), eag
1, Sh
133/Y (center), 
and Samba
1/  (right) adult male flies. 
(C) Schematic of a normal fly leg (left), 
a leg dissected from CantonS (center), 
and a leg showing femur hypercontraction 
from a Swg
X118/ ;Brkd
J29/  double 
heterozygote (right). Arrows indicate 
femoral segment. (D) Schematic depicting 
the genetic interactions of the Samba 
locus. (E–G) Polarized light micrographs 
showing hypercontraction of the IFM 
are shown in sagittal views of the 
thorax from adult flies of (E) CantonS, 
(F) Samba
1/ , and (G) Samba
1/ ;Tm2
D53. 
Partial suppression is observed in 
Samba
1/ ;Tm2
D53, as IFM are found 
less degraded despite the presence of 
thoracic indentations (arrows). 
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behavioral defects and showed genetic interactions with
 
Samba
 
. Double heterozygotes of 
 
Swg
 
X118
 
 and 
 
Samba
 
1
 
 or
 
Samba
 
2
 
 and double heterozygotes of 
 
Swg
 
X118
 
and 
 
Brkd
 
J29
 
 are
semi-lethal with escapers having hypercontracted femurs
(Fig. 1 C). Double heterozygotes of 
 
Samba
 
1
 
 or 
 
Samba
 
2
 
 and
 
Brkd
 
J29
 
 are synthetic lethal (Fig. 1 D). These genetic interac-
tions and similarities to 
 
eag
 
1
 
, Sh
 
133
 
 double mutants suggest
that 
 
Samba, Swing,
 
 and 
 
Breakdance
 
 define a genetic pathway
required in the regulation of membrane excitability, and
when disrupted, lead to abnormal muscle hypercontraction.
Segregation analysis of 
 
Samba
 
 revealed an autosomal-dom-
inant mutation on the second chromosome, refined to 2–52
cM by recombination mapping. Deficiency mapping by le-
thality narrowed the cytological interval between 36A8 and
36C4 on the left arm of chromosome 2. To help identify the
 
Samba
 
 locus, we screened for revertants of TS seizure behav-
ior in a 
 
 
 
-irradiation reversion screen in order to isolate po-
tential loss of function mutations in the Samba locus. Three
revertants were identified by loss of TS behavioral defects.
These revertants were embryonic lethal with normal mor-
phological development, but showed complete loss of muscle
wave propagation in late stage embryos (unpublished results).
Noncomplementation to Mhc
1 by both the TS mutants and
the three revertants identified the Samba mutations as new
alleles of the Mhc locus (Mogami and Hotta, 1981). We des-
ignated the Samba
1 and Samba
2 alleles Mhc
S1 and Mhc
S2, re-
spectively, and the revertants Mhc
rv1, Mhc
rv2, and Mhc
rv3.
The Mhc locus is complex, encoding all muscle-specific
isoforms through the use of extensive alternative splice pat-
terns (Rozek and Davidson, 1983; Bernstein et al., 1983).
The locus contains 19 coding exons, 5 of which are alterna-
tively spliced, and one that is either included or excluded
(Wassenberg et al., 1987; George et al., 1989; Collier et al.,
1990; Hess and Bernstein, 1991; Zhang and Bernstein,
2001). An allele isolated previously, Mhc
5 (G200D), causes
similar hypercontraction defects to the Samba mutants.
Mhc
5 introduces a point mutation in exon 4 of the Mhc lo-
cus, disrupting the ATPase domain of Mhc (Homyk and
Emerson, 1988). Due to the phenotypic similarities with
Mhc
5, exon 4 of these new alleles was sequenced. Both Mhc
S1
and Mhc
S2 were found to be point mutations (V235E and
E187K, respectively) mapping to the ATP binding and hy-
drolysis site of the protein (Fig. 2, A–E).
Seizure activity in Samba flies is dependent upon 
neuronal activity
Extracellular dorsal longitudinal muscle (DLM) recordings
were used to characterize the behavioral seizures at restrictive
Figure 2. Localization of the Mhc
S1 
and Mhc
S2 mutations onto the crystal 
structure. (A) Schematic of the Mhc 
locus. Constitutive exons are depicted 
in black, and alternative exons in gray. 
Exon 4 has been expanded to show the 
relative positions of the point mutations 
in Mhc
5, Mhc
S1, and Mhc
S2. (B) A view 
of the crystal structure of chicken Mhc 
depicting the mutations Mhc
5 (green), 
Mhc
S1 (blue), and Mhc
S2 (red). (C) The 
region corresponding to the red box has 
been expanded from a crystal structure 
from the motor domain of Dictyostelium 
Mhc showing the mutation positions in 
relation to the ATP analogue (yellow) 
and bound Mg
2  (magenta). (D) Sequence 
data showing the base pair changes in 
Mhc
S1 and Mhc
S2 and the corresponding 
amino acid point mutations. (E) An 
alignment of exon 4 of Drosophila Mhc 
with  -cardiac Mhc (MYH7) from 
humans. Red corresponds to identical 
amino acids, and yellow identifies similar 
amino acids. Positions of Drosophila 
mutations are indicated in green relative 
to amino acids that are mutated in several 
primary hypertrophic cardiomyopathies, 
shown in blue.1048 The Journal of Cell Biology | Volume 164, Number 7, 2004
temperatures (Engel and Wu, 1992). Electrical activity was
observed in adult flies at room temperature, shifted to 38 C,
and returned to room temperature. Correlating with the be-
havioral defects, abnormal spiking activity in the DLMs was
recorded at restrictive temperatures that was not observed at
permissive temperatures, nor in Canton-S at 38 C (Fig. 3,
A, B, D, and F). Similar seizure activity was observed in
Swg
X118 and Brkd
J29 (Fig. 3, H and J). This abnormal activity
could be either muscle autonomous or dependent upon syn-
aptic input. To address these possibilities, we used a muta-
tion in the voltage-gated Na
  channel, paralytic ( para
ts1),
which is required for action potential propagation in the
motor neuron (Suzuki et al., 1971). This mutation specifi-
cally abolishes neuronal action potentials at elevated temper-
atures, as para expression is not detected in muscles (Hong
and Ganetzky, 1994). In para
ts1/Y;Mhc
X/  (X indicating 5,
S1, or S2) flies, we observed a suppression of the seizure ac-
tivity at 38 C (Fig. 3, C, E, and G). Similarly, suppression
of activity was observed with para
ts1/Y;Swg
X118/  and para
ts1/
Y;Brkd
J29/  (Fig. 3, I and K). These data suggest that mu-
tant muscles are hyperexcitable at restrictive temperatures.
This hyperexcitable state, however, cannot lead to autono-
mous muscle firing, but must be triggered by an initial input
by the innervating motor neuron.
Samba mutations lead to hypercontraction
To further define how the Samba mutants affect Mhc func-
tion, we analyzed genetic interactions with known muscle
mutants that increase or decrease the contractile state of the
muscle. We characterized genetic interactions with muta-
tions in Troponin I, Troponin T, and Tropomyosin 2
(Tm2). Troponin I is encoded by the wupA locus. A muta-
tion in troponin I, heldup
2 (wupA
hdp2), has been identified
previously as a hypercontraction mutation (Deak et al.,
1982; Beall and Fyrberg, 1991). A mutation in Troponin T,
upheld
101 (up
101), is similar to wupA
hdp2, also causing hyper-
contraction (Fekete and Szidonya, 1979; Homyk et al.,
1980). Hemizygous flies for either wupA
hdp2 or up
101 and het-
erozygous for Mhc
S1 or Mhc
S2 are synthetic lethal, whereas
double heterozygous females have femur hypercontraction
defects (unpublished results). A mutation in Tm2 (Tm2
D53)
suppresses the hypercontraction of both up
101 and wupA
hdp2
(Naimi et al., 2001). Similarly, Tm2
D53 suppresses the reces-
sive lethality of Mhc
S1, increasing viability of the homozy-
gotes from 2.38% to 80.92% (Mhc
S1  n     435,  Mhc
S1;
Tm2
D53 n   505). These results indicate that the Samba
alleles of Mhc cause hypercontraction defects similar to
wupA
hdp2 and up
101. Interestingly, both up
101 and wupA
hdp2
exhibit abnormal TS behavior similar to Mhc
S1 and Mhc
S2,
suggesting that the behavioral defects are most likely a TS
susceptibility resulting from an altered state of the muscle
secondary to hypercontraction, as opposed to a specific TS
dysfunction of the Mhc protein (Fig. 1 A). In contrast to the
TS seizure behavior in hypercontraction mutants, Tm2
D53
flies do not show abnormal behavior at 38 C, nor do het-
erozygotes of the Mhc null (Mhc
1/ ) and heterozygotes of a
hypercontraction suppressor mutant (Mhc
D45/ ; Fig. 1 A).
To confirm that the Samba phenotype results from hy-
percontraction, we analyzed the structure of the IFM in
Mhc
S1/  flies. The ordered array of filaments in muscles leads
to birefringent properties, allowing muscle visualization un-
der polarized light microscopy. In hypercontraction mutants
characterized previously, the IFM exhibit one of two defects.
Some show loss of birefringence in the middle of the muscles
due to breakage or degradation, with the bulk of the muscle
fiber at either one or both of the attachment sites. Others
show separation from the attachment sites, with birefrin-
gence found only in the middle of the fiber (Nongthomba et
al., 2003). Mhc
S1/  flies exhibited the former defect, show-
ing birefringence at the attachment sites, with loss of birefrin-
gence in the middle of the IFM. This defect was partially
suppressed in the background of Tm2
D53, as the IFM of dou-
Figure 3. Extracellular DLM recordings 
reveal abnormal activity at restrictive 
temperatures that is dependent upon 
neuronal activity. Recordings were done 
on male flies of genotypes (A) CantonS, 
(B) Mhc
S1/ , (C) para
TS1;Mhc
S1/ , (D) 
Mhc
S2/ , (E) para
TS1;Mhc
S2/ , (F) Mhc
5/
 , (G) para
TS1;Mhc
5/ , (H) Swg
X118/ , (I) 
para
TS1;Swg
X118/ , (J) Brkd
J29/ , and (K) 
para
TS1;Brkd
J29/ . Representative traces 
are shown from a single male fly of the 
indicated genotype at room temperature, 
38 C, and subsequent recovery to room 
temperature. Bar, 10 mV, 500 ms.Myopathy in Drosophila Mhc mutants | Montana and Littleton 1049
ble mutants displayed less degradation despite the presence of
indented thoraces compared with similarly aged Samba flies
(Fig. 1, E–G). These data confirm that the Samba mutants
lead to hypercontraction defects in the muscle.
Samba mutant muscles do not alter synaptic function 
but move independently of neuronal input
Hypercontraction in Drosophila muscles induced by the
Samba mutants leads to progressive degradation of fibers,
similar to degeneration observed in muscular dystrophies. In
some animal models of muscular dystrophy, loss of acetyl-
choline receptor clustering results in the functional denerva-
tion of diseased fibers (Rafael et al., 2000). Because Mhc
S1
and Mhc
S2 were isolated by TS behavioral defects and abnor-
mal extracellular DLM activity, we hypothesized that these
mutations may cause functional or structural changes at the
neuromuscular junction (NMJ).
Bouton number at the NMJ is tightly regulated and is
sensitive to disruptions in both presynaptic and postsynaptic
function. Though poorly understood, postsynaptic defects
can alter presynaptic structural and functional properties
through homeostatic regulatory pathways (Petersen et al.,
1997; Davis et al., 1998). To analyze the morphology of the
NMJ in Samba mutants, we stained third instar larvae with
 -synaptotagmin I antisera, a marker for presynaptic termi-
nals, and analyzed muscle fibers 6 and 7 (Canton-S n   18
larvae, 97 muscles; Mhc
S1/  n   27, 157). Type I innerva-
tion from glutamatergic motor neurons was not altered in
Mhc
S1/  animals, suggesting little effect of dysfunctional
muscles on excitatory innervation (Fig. 4 J). The number of
muscles showing ectopic innervation, however, was found to
be more frequent than wild type, increasing from 4.1% in
control animals to 15.9% in Mhc
S1/  animals (Fig. 4, A–F
and K). These were determined to be type II synapses due to
their morphology and the absence of postsynaptic DLG
staining (Fig. 4, G–I). Type II synapses are neuromodula-
tory, influencing the state of excitation in body wall muscles
through release of octopamine (Gramates and Budnik,
1999). Increases in type II innervation have also been re-
ported in mutants such as tipE and nap, which reduce nerve
excitability (Jarecki and Keshishian, 1995). The increase in
type II innervation suggests that alterations in muscle func-
tion can lead to altered neuromodulation. Similar data was
obtained with Mhc
S2/  larvae (unpublished data).
To determine whether the altered innervation pattern cor-
related with abnormal synaptic transmission, we charac-
terized miniature excitatory junctional potential amplitude
(mEJP), excitatory junctional potential amplitude (EJP), and
mEJP frequency from the muscle 6 NMJ in 0.4 mM Ca
2 
using intracellular recording techniques (Fig. 5 A; Table I).
Wild-type fibers were found to have a mEJP of 0.95   0.04
mV and EJP of 39.6   1.8 mV (n   8, 23). In mutant fi-
bers, these values were 0.79   0.02 mV and 34.2   1.7 mV,
respectively (n   11, 29). Although these differences are sta-
tistically significant and may reflect subtle changes in synap-
tic function, the change in release is small and the differences
more likely reflect the complication caused by an apparent
oscillation of the resting membrane potential due to spon-
Figure 4. Structural properties of the 
neuromuscular junction in Mhc
S1/  
mutants. Third instar larvae neuro-
muscular junctions from (A–C) CantonS 
and (D–I) Mhc
S1/  labeled with the 
indicated markers. Arrows indicate an 
axonal branch containing type II synapses 
as evidenced by the absence of post-
synaptic DLG staining. Bar, 50  m. 
(J) Excitatory type I glutamatergic inner-
vation on muscles 6/7 does not change 
in mutant muscles despite altered 
muscular function. (K) Ectopic type II 
innervation increases in mutant muscles.1050 The Journal of Cell Biology | Volume 164, Number 7, 2004
taneous muscle movement in Samba mutants (Fig. 5 B).
Movements such as these can lead to apparent voltage
changes due to electrode motion. Spontaneous muscle move-
ments did not resemble action potential–induced contraction
events. Instead, a slow, cyclic activity that did not use the full
contractile potential of the muscle cell was continuously ob-
served in the Samba mutants. Because contraction usually de-
pends upon Ca
2  influx through L-type calcium channels in
the sarcolemma, we hypothesized that alterations of Ca
2  in-
flux through these channels may be responsible for the spon-
taneous contractions in Samba mutants. To test this, we
recorded from mutant muscles in Ca
2 -free saline. Spon-
taneous contractions were still observed in Ca
2 -free sa-
line similar to those in high extracellular Ca
2  (Fig. 5 B). An
alternative possibility is that spontaneous contractions may
reflect altered signaling from the innervating neuron. Al-
though these recordings are normally done in preparations in
which the axon has been severed from the cell body, we fur-
ther tested this possibility in brain-intact preparations in the
presence or absence of 3  M TTX. Spontaneous movements
were seen regardless of neuronal activity (Fig. 5 B). These re-
sults indicate that hypercontraction in Samba mutants is not
due to an increase in neuronal activity or neurotransmitter
release, nor to multiple release events per axonal action po-
tential, but can be explained by autonomous movement in
the absence of neuronal input. This movement is not depen-
dent upon extracellular Ca
2 , suggesting a defect in either in-
tracellular Ca
2  homeostasis or the Ca
2  requirements of
muscle contraction.
Discussion
Muscle contraction requires the coordinated action of many
proteins under the regulation of defined stimuli. Dysregula-
tion of this system leads to myopathy and dystrophy syn-
dromes in humans. Drosophila provides an efficient model
to dissect the molecular and cellular functions of the individ-
ual components and their roles in the coordinated machine
that underlies this process. To this end, we have begun a
molecular and cellular characterization of muscle dysfunc-
tion in Drosophila using the hypercontractive Samba mu-
tants, Mhc
S1 and Mhc
S2.
Hypercontraction and Mhc
Genetic perturbations can lead to hypercontraction in the
Drosophila IFM by increasing actomyosin force through ei-
ther a decrease in structural integrity of the sarcomere or an
alteration in thin filament regulation of the cross-bridge cy-
cle (Kronert et al., 1995; Reedy et al., 2000). Hypercontrac-
tion by the latter mechanism can be suppressed by muta-
tions in Mhc, though it remains unclear whether suppression
is obtained through an overall decrease in actomyosin force
or by a direct role of Mhc on regulating thin filament dy-
namics (Kronert et al., 1999; Nongthomba et al., 2003).
Here, we characterized two new alleles of Mhc. These alleles
enhance the defects of up
101 and wupA
hdp2 and are partially
suppressed by Tm2
D53. These genetic interactions suggest
that although Mhc
S1and Mhc
S2 lead to hypercontraction de-
fects that are similar to up
101 and wupA
hdp2, they do so
through a different molecular mechanism, as up
101 and
wupA
hdp2 are fully suppressed by Tm2
D53. Using a simplified
five state model of contraction based upon the allosteric/co-
operative model described previously, we can hypothesize
the molecular mechanisms behind hypercontraction (Fig. 6;
Lehrer and Geeves, 1998).
In wild-type sarcomeres, the troponin complex remains in
a closed state during rest (state A). If myosin–nucleotide
complex binds this state, it is referred to as “blocked,” as it is
not conducive to contraction. Neural stimulation shifts the
equilibrium between state A and state B (open state) by al-
lowing Ca
2  to enter the sarcomere, which acts as an alloste-
ric regulator of the troponin complex via troponin C. The
equilibrium shift increases the probability of myosin binding
the open state in a noncooperative manner (state C). If a suf-
ficient number of myosins bind, cooperative mechanisms fa-
Figure 5. Electrophysiological properties of the Mhc
S1/  third instar 
neuromuscular junction. Despite the increased presence of ectopic 
innervation, physiological properties are not altered in Mhc
S1/ . 
(A) Representative samples of EJPs in CantonS and Mhc
S1/ . Bar, 5 mV, 
200 ms. (B) Resting potential oscillations found in Mhc
S1/  are present 
in both 0.4 and 0 mM Ca
2 , as well as in the presence ( TTX) and 
absence ( TTX) of neuronal activity. Asterisk marks activity from 
the central pattern generator. Bar, 10 mV, 500 ms.Myopathy in Drosophila Mhc mutants | Montana and Littleton 1051
cilitate binding of multiple myosin heads (state D), a low-
force state of the sarcomere. Release of Pi allows myosin to
enter rigor, the high-force state of the sarcomere (state E),
followed by ADP–ATP exchange to complete the cycle.
During this transition, an estimated 20–30% of myosins re-
main bound to facilitate multiple cycles during a single con-
traction event, as this transition state is similar to state C
(Lehrer and Geeves, 1998).
Hypercontraction in Mhc mutants can be caused by two
different mechanisms. One mechanism leads to hypercon-
traction by decreasing structural integrity of the sarcomere
(Mhc
6, Mhc
13). The other mechanism involves the mutations
Mhc
S1, Mhc
S2, and Mhc
5. Hypercontraction by Mhc
S1, Mhc
S2,
and Mhc
5 may be caused by stabilizing actin–myosin interac-
tions during the state E–state A transition, probably by pre-
venting proper ADP–ATP exchange. This is consistent with
the localization of the amino acid substitutions in the ATPase
domain of the protein. Further stabilization during this tran-
sition could lead to contraction oscillations long after the
nerve-stimulated Ca
2  transient, increasing actomyosin force
during relaxation periods. The spontaneous contraction os-
cillations observed in third instar larvae support this model.
However, mutants such as up
101, wupA
hdp2, and Tm2
D53 have
defects which affect the state A–state B equilibrium. There-
fore, in double mutants of wupA
hdp2 or up
101 and Mhc
S1,
Mhc
S2, or Mhc
5, lethality may reflect the additive effects of
two distinct molecular mechanisms of hypercontraction. The
differential suppressive effects of Tm2
D53 on these hypercon-
traction mutants support distinct molecular mechanisms as
well. Alternatively, hypercontraction by Mhc
S1, Mhc
S2, and
Mhc
5 could occur through direct Mhc–Troponin I interac-
tions, as proposed previously (Kronert et al., 1999). However,
this seems unlikely as these mutants are single amino acid sub-
stitutions which map to the ATPase domain as opposed to
surfaces more accessible to protein–protein interactions.
Excitability and hypercontraction mutants
The TS seizure activity in Mhc
5, Mhc
S1, and Mhc
S2 as well as
up
101 and wupA
hdp2 is likely to reflect a temperature-depen-
dent defect caused by an alteration in the cellular state of a
hypercontractive muscle, rather than direct temperature-
dependent defects of mutant proteins. The model proposed
for hypercontraction may account for the activity through a
dysregulation of calcium homeostasis. In normal muscles,
calcium levels dramatically increase in the sarcomere in or-
der to increase the fraction of troponin complexes in state B
during regulated contraction. However, in mutants such as
up
101 and wupA
hdp2, rather than calcium returning to intra-
cellular stores, the calcium remains buffered in the sarco-
mere. This may be due to two possibilities. One possibility is
that these mutations respond to lower calcium concentra-
tions, where calcium ions are continually binding a mutant
complex, transitioning to state B, released upon return to
state A, and then repeating this binding cycle long after the
large calcium transient has passed for regulated contraction.
Although the [Ca
2 ]free remains relatively low, there is an
overall buffering of a significant amounts of calcium in the
sarcomere by the troponin complex. The other possibility,
though not mutually exclusive, is that these mutations lead
to a lower activation energy for the A→B transition in the
Table I.  Physiological properties of the NMJ
a
Genotype Resting potential Miniature frequency  mEJP amplitude  EJP amplitude 
mV mEJP/s mV mV
CantonS
b  69.4   1.6 2.10   0.21 0.95   0.04 39.6   1.8
MhcS1/+
c  62.6   1.0
e 1.53   0.14
d 0.79   0.02
e 34.2   1.7
d
aRepresented as value   SEM.
bn   8,23.
cn   11,29.
dP   0.05.
eP   0.001.
Figure 6. A working model for hypercontraction. 
A simplified five-stage model of contraction is 
depicted. The resting state of muscle (A) contains 
myosin unbound to the thin filament. During 
activation of the muscle (B), intracellular Ca
2  
increases, allowing a limited number of troponin 
complexes to shift into the open state. The open 
state allows noncooperative binding of myosin (C) 
to the thin filament. When enough myosin heads 
bind, cooperative mechanisms facilitate binding 
of multiple heads (D). Release of Pi then allows 
contraction to occur (E), followed by ADP–ATP 
exchange to complete the cycle. Drosophila mutants 
are listed next to proposed steps at which they alter 
this simplified cycle.1052 The Journal of Cell Biology | Volume 164, Number 7, 2004
absence of calcium. State B, having a higher affinity for cal-
cium, allows binding of calcium away from endogenous
muscle calcium buffers. This can also lead to an overall aber-
rant buffering of calcium. Likewise, Mhc
5, Mhc
S1, and Mhc
S2
lead to buffering because the sarcomere is continually cy-
cling through states C→D→E→(C). After a single cycle of
unregulated contraction, calcium may unbind the troponin
complexes. However, a significant number of myosins re-
main bound in Mhc
S1, Mhc
S2, Mhc
5, stimulating a second
cycle through cooperative mechanisms, allowing state B
troponin complexes to bind calcium. Buffered calcium in
both mutant groups is thus continually binding and unbind-
ing troponin complexes. During an increase in temperature,
diffusion rates increase, allowing Ca
2  to diffuse farther
from the contractile machinery when unbound. At suffi-
ciently high temperatures, calcium may reach the mem-
brane, effectively depolarizing the membrane and leading to
a hyperexcitable state. This state would allow for multiple
muscle action potentials once threshold is reached, but neu-
ronal input would be required to stimulate the spike train.
The suppression of seizure activity by para
ts1 occurs by pre-
venting threshold through loss of presynaptic release.
Alternatively, though not mutually exclusive, excitability
defects may be caused by further increases in ectopic inner-
vation at the adult IFM. Although the innervation defects at
the third instar neuromuscular junction are modest, defects
may be exacerbated at adult muscles. However, at the adult
flight muscles, type II innervation seems to represent a more
molecularly diverse set of synapses, and it is unknown
whether muscle hypercontraction would induce increased
innervation of any, a subset, or all type II–like synapses in
the adult (Rivlin et al., 2004). Moreover, it is unclear how
increases in type II innervation may alter excitability of mus-
cles in a temperature-dependent fashion.
Although more experimentation will be required to discern
between these possibilities as well as other potential mecha-
nisms, it is clear that hypercontraction creates a distinct mus-
cle state that is different from hypocontracted and normal
muscles. In support of this, hypercontraction mutants have
TS behavioral defects that are not evident in hypocontraction
mutants or in wild-type flies. In addition, TS behavioral de-
fects are not likely due to mixtures of differentially active my-
osins being expressed in the IFM, as Mhc
D45/  heterozygotes
do not display TS behavioral defects such as those found in
Mhc
S1/ , Mhc
S2/ , and Mhc
5/ . Future studies in deter-
mining the components that contribute to this altered state
will be critical in understanding the underlying causes of ex-
citability defects in hypercontraction mutants. Characteriza-
tion of genetic interactors of Mhc
S1 and Mhc
S2 mutants such
as the Swing and Breakdance loci described here may also pro-
vide insights into the molecular pathways underlying hyper-
contraction myopathies, as well as contribute to understand-
ing of the mechanisms underlying human muscle diseases
such as hypertrophic cardiomyopathy.
Materials and methods
Fly strains and crosses
Flies were cultured on standard medium at 22 C. All crosses using appro-
priate genotypes were cultured at 25 C. Mhc
S1 and Mhc
S2 were generated
in an F1 EMS screen for X-linked and autosomal dominant TS behavioral
defects. Samba mutants were recombination mapped to 2–52 cM on
the second chromosome with Sp J L P marker chromosomes, defi-
ciency mapped to 36A8–36C4, and tested for noncomplementation with
P{w
 mC   lacW}Mhc
k10423 and Mhc
1 (Mogami and Hotta, 1981; Spradling
et al., 1999). The Swg
X188 and Brkd
J29 mutations were also generated in
screens for TS behavioral defects, and these have been mapped to 42A and
88F, respectively. In addition, revertants of Mhc
S1 TS dysfunction were iso-
lated by  -irradiation.  Mhc
S1/CyO males were exposed to 6,000 rads,
crossed to Gla/CyO, and F1 progeny were tested at 38 C for loss of TS be-
havior. Three revertants (Mhc
rv1, Mhc
rv2, and Mhc
rv3) were isolated. All
three were embryonic lethal with normal morphological development, but
showed complete loss of muscle wave propagation in late stage embryos.
In addition, all three revertant alleles show noncomplementation to Mhc
1.
Suppression of lethality was scored as live flies that were able to survive
eclosion and feed with enough motor coordination to prevent becoming
trapped in the media.
Adult behavior analysis
10 flies were placed into a preheated glass vial at 38 C. Flies showing TS
behavioral defects were scored in 15-s intervals. The analysis was done
with 10 repetitions for each genotype and each repetition contained an in-
dependent set of 10 flies.
Polarized light miocrographs
Polarized light micrographs of the adult flight muscles were analyzed as
described previously with the modification of using Xylenes as a clearing
agent (Fyrberg et al., 1994). Thoraces were mounted using Permount
(Fisher Scientific) and analyzed under Nomarski optics.
Mutation and crystal structure analysis
Mutations were determined by PCR and sequencing. Genomic DNA was
isolated from Canton-S and Mhc
S1/Df(2L)H20 flies (Simpson, 1983). Exons
4–6 were amplified by PCR and the product was sequenced at the MIT
Cancer Center sequencing facility. Genomic DNA from homozygous Mhc
S2
embryos was isolated and similarly processed. Amino acids are numbered
according to the Mhc-P11 sequence. Crystal structure analysis of the muta-
tions was done using the Swiss PDB Viewer software available at http://
us.expasy.org/spdbv/. Crystal structures 2MYS and 1MMG were down-
loaded from the National Center for Biotechnology Information (NCBI) and
mutations mapped according to BLAST alignments done through the NCBI
BLAST website (Fisher et al., 1995; Rayment et al., 1993, 1995).
Antibodies and immunohistochemistry of third instar larvae
Wandering third instar larvae were raised at 25 C, and then dissected and
fixed by standard procedures. Affinity-purified rabbit  -sytI antibodies (Lit-
tleton et al., 1993) were used at 1:1,000 and Cy2-conjugated goat  –rabbit
secondary antibodies at 1:200 (Jackson ImmunoResearch Laboratories).
Texas red–conjugated phalloidin was incubated simultaneously with the
secondary antibody at 1:500 (Molecular Probes). Visualization and quanti-
fication was performed under light microscopy using a 40 /1.3NA oil-
immersion lens. Images were taken using confocal microscopy under simi-
lar conditions and processed with Zeiss PASCAL software.
Electrophysiology
Extracellular DLM recordings.  Extracellular DLM recordings were done in
male flies raised at 25 C. 1–5-M  electrodes were filled with 3 M KCl. The
recording electrode was inserted into the lateral thorax with the ground
electrode inserted into the eye. Basal activity was recorded for 2 min at
22 C. Temperature was then shifted to 38 C for 1 min, and returned to
22 C. Recordings were done using an Axoclamp-2B amplifier (Axon In-
struments, Inc.) and digitized with an digitizer (model 100; Instrunet) at 10
kHz and analyzed with Superscope 3.0 software (GW Instruments). To at-
tenuate extracellular signals from the eye, experiments were done in con-
stant light.
Intracellular recordings. Intracellular recordings were done at room tem-
perature in wandering third instar larve raised at 25 C. Dissections and re-
cordings were done in 0.4 mM Ca
2  HL3 (Stewart et al., 1994) with 4 mM
MgCl2. Recordings were done from muscle 6 at segments A3–A5. 50–100-
M  electrodes were filled with 3 M KCl. Muscles were analyzed if the rest-
ing membrane potential was below  50 mV. Data was digitized with a
Digidata 1322, filtered at 10 kHz online, and analyzed using pCLAMP
v8.0 software (Axon Instruments, Inc.). mEJP amplitude and frequency was
determined by manual analysis, analyzing representative samples from
each muscle recording. EJP amplitude was similarly analyzed, using the
maximal response to suprathreshold stimulation (determined for each indi-
vidual muscle). Ca
2 -free recordings were done in a similar manner. Fail-Myopathy in Drosophila Mhc mutants | Montana and Littleton 1053
ure to evoke release was used to verify that Ca
2  was minimal in the exter-
nal solution. Recordings with an intact central nervous system were done
in 0.2 mM Ca
2  to prevent substantial depolarization during central pat-
tern activity in the presence or absence of 3  M TTX.
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